Existing structural models of the Himalayan fold-thrust belt in Kumaun, northwest India, are based on a tectono-stratigraphy that assigns different stratigraphy to the Ramgarh, Berinag, Askot, and Munsiari thrusts and treats the thrusts as separate structures. We reassess the tectono-stratigraphy of Kumaun, based on new and existing U-Pb zircon ages and whole-rock Nd isotopic values, and present a new structural model and deformation history through kinematic analysis using a balanced cross section. This study reveals that the rocks that currently crop out as the Ramgarh, Berinag, Askot, and Munsiari thrust sheets were part of the same, once laterally continuous stratigraphic unit, consisting of Lesser Himalayan Paleoproterozoic granitoids (ca. 1850 Ma) and metasedimentary rocks. These Paleoproterozoic rocks were shortened and duplexed into the Ramgarh-Munsiari thrust sheet and other Paleoproterozoic thrust sheets during Himalayan orogenesis. Our structural model contains a hinterland-dipping duplex that accommodates ~541-575 km or 79%-80% of minimum shortening between the Main Frontal thrust and South Tibetan Detachment system. By adding in minimum shortening from the Tethyan Himalaya, we estimate a total minimum shortening of ~674-751 km in the Himalayan fold-thrust belt. The Ramgarh-Munsiari thrust sheet and the Lesser Himalayan duplex are breached by erosion, separating the Paleoproterozoic Lesser Himalayan rocks of the Ramgarh-Munsiari thrust into the isolated, synclinal Almora, Askot, and Chiplakot klippen, where folding of the Ramgarh-Munsiari thrust sheet by the Lesser Himalayan duplex controls preservation of these klippen. The Ramgarh-Munsiari thrust carries the Paleoproterozoic Lesser Himalayan rocks ~120 km southward from the footwall of the Main Central thrust and exposed them in the hanging wall of the Main Boundary thrust. Our kinematic model demonstrates that propagation of the thrust belt occurred from north to south with minor out-of-sequence thrusting and is consistent with a critical taper model for growth of the Himalayan thrust belt, following emplacement of midcrustal Greater Himalayan rocks. Our revised stratigraphy-based balanced cross section contains ~120-200 km greater shortening than previously estimated through the Greater, Lesser, and Subhimalayan rocks.
INTRODUCTION
Beginning ca. 60-55 Ma (Najman et al., 2010; DeCelles et al., 2016) , continental collision between the Indian and Asian plates created the Himalayan-Tibetan orogenic system, consisting of the Tibetan Plateau and the Himalayan fold-thrust belt, an ~2500-km-long, arcuate belt, primarily consisting of north-dipping and folded thrusts of upper-and midcrustal rocks lying south of the Indus-Tsangpo suture ( Fig. 1A ; for reviews, see Yin and Harrison, 2000; Yin, 2006) . This fold-thrust belt has been used to study large-scale tectonic processes, for example, (1) processes in the Himalaya that are spatially and temporally linked to the growth of the Tibetan Plateau (e.g., DeCelles et al., 2002; Robinson et al., 2006; Long et al., 2011; Yu et al., 2015; Webb et al., 2017 ; and references therein), (2) continent-continent collision dynamics governing mountain building processes and metamorphism (e.g., Bollinger et al., 2006; Jamieson and Beaumont, 2013; Kohn, 2014; Avouac 2015 ; and references therein), (3) interplay between climate and tectonics (e.g., Clift, 2006 ; and references therein), (4) kinematics and mechanics of upper-crustal deformation (e.g., Webb, 2013; Robinson and Martin, 2014; Bhattacharyya et al., 2015a ; and references therein), and (5) structures that are potential seismotectonic hazards (e.g., Elliott et al., 2016; Grandin et al., 2016; Searle et al., 2016) . While these studies have dramatically improved our understanding of orogenic dynamics, multiple models compete to explain the evolution of the Himalayan system, including: channel flow (Beaumont et al., 2001 (Beaumont et al., , 2004 , extrusion (Burchfiel and Royden, 1985; Grujic et al., 1996) , tectonic wedging (Yin, 2006; Webb et al., 2007; He et al., 2015 He et al., , 2016 , and critical taper (Avouac, 2003; Bollinger et al., 2006; Robinson et al., 2006; Kohn, 2008 Kohn, , 2014 Long et al., 2011) . However, channel flow and critical taper, instead of being mutually exclusive, may be spatially and temporally linked through two or more stages of growth of the Himalaya (Beaumont and Jamieson, 2010; Wang et al., 2015; Cottle et al., 2015, references therein; Parsons et al., 2016) . For example, brief channel flow, involving extrusion and exhumation of Greater Himalayan migmatites as a weak midcrustal channel in early Miocene time (ca. 20 Ma), may have been bracketed or succeeded (<17 Ma) by critical taper dynamics (foreland fold-thrust belt) involving in-sequence thrusting and exhumation of Lesser Himalayan rocks and/or cooled Greater Himalayan rocks (Beaumont and Jamieson, 2010; Wang et al., 2015, and references therein) . Thus, to understand the development of the Himalayan fold-thrust belt from the early Miocene to the present, the kinematic evolution of the Lesser Himalayan and Subhimalayan rocks (Fig. 1B) , south of the metamorphic core, must be investigated. However, poor chrono-and tectono-stratigraphic knowledge of the Lesser Himalayan rocks has led to erroneous assumptions about the structural geometries, therefore preventing accurate quantification of along-strike variations in structural geometry, kinematics, and shortening magnitudes (e.g., Yu et al., 2015) .
Lesser Himalayan rocks are stacked in a series of in-sequence, southvergent, predominantly north-dipping to antiformal thrust sheets, forming the Lesser Himalayan duplex; this duplex accommodates a significant proportion of total Lesser Himalayan shortening (Srivastava and Mitra, 1994; DeCelles et al., 2001; Robinson et al., 2003 Robinson et al., , 2006 McQuarrie et al., 2008; Long et al., 2011; Bhattacharyya et al., 2015a; Parui and Bhattacharyya, 2018) . This duplex is nonuniformly expressed and exposed along the Himalayan arc, with variations in structural geometries and magnitudes of minimum shortening. In northwest India and Nepal, the Lesser Himalayan duplex is hinterland-dipping (Robinson et al., 2006; Khanal and Robinson, 2013; Webb, 2013; Yu et al., 2015) , antiformally stacked in Sikkim (Bhattacharyya and Mitra, 2009; Bhattacharyya et al., 2015a; Parui and Bhattacharyya, 2018) , and hinterland-dipping in Bhutan and Arunachal (Yin et al., 2010; Long et al., 2011; DeCelles et al., 2016) . Progressive growth of this duplex caused passive folding of the overlying Greater and Tethyan Himalayan rocks to expose the Himalayan metamorphic core (Srivastava and Mitra, 1994; DeCelles et al., 2001; Robinson et al., 2003; Mitra et al., 2010) . Therefore, understanding the growth and kinematic evolution of the Lesser Himalayan duplex and its resultant displacement-transfer of roof thrust(s) is pivotal to unraveling the growth of the fold-thrust belt, and helping to determine the way in which convergence between India and Asia was accommodated (van Hinsenberg et al., 2012; Li et al., 2015) .
Kumaun lies in a zone of nearly normal convergence at high convergence rates, so this area should record a high magnitude of upper-crustal shortening. Our knowledge of the structural/geometrical architecture and evolution of Kumaun comes from previous work by Valdiya (1980) RESEARCH and Srivastava and Mitra (1994) . However, as we show here, incorrect correlation of stratigraphy among various thrust sheets that locally occur as synformal klippen invalidates the structural model and shortening estimates of Srivastava and Mitra (1994) . Receiver function seismic data provide an additional constraint on the location of the Lesser Himalayan midcrustal ramp in the Main Himalayan thrust (Caldwell et al., 2013) .
Here, we present evidence for new stratigraphic correlations and a new structural model that illustrates the geometry of the Himalayan foldthrust belt in Kumaun. First, we reassess the tectono-stratigraphy through a combination of new and existing field, U-Pb zircon, and whole-rock Nd isotopic data. Then, with this refined tectono-stratigraphy and new location of the crustal ramp geometry (Caldwell et al., 2013) , we construct a balanced cross section and a sequential kinematic model, and we estimate shortening.
TECTONO-STRATIGRAPHY
The Himalayan fold-thrust belt (Fig. 1B) is composed of Greater Indian pre-Cenozoic northern margin rocks that were deposited over the ca. 2500 Ma Indian cratonic basement and scraped off during collision between India and Asia (see McQuarrie et al., 2008) . The resulting fold-thrust belt is divided into four tectono-stratigraphic zones (Heim and Gansser, 1939; Gansser, 1964) , which are, from north to south, the Tethyan Himalaya, Greater Himalaya (synonymous with High Himalayan Crystalline Series), Lesser Himalaya, and Subhimalaya (Fig. 1B) . Each of these tectonostratigraphic zones has a distinctive stratigraphy and metamorphic grade and is separated from adjacent zones by major crustal-scale faults. The South Tibetan Detachment system separates the Tethyan Himalayan rocks from the Greater Himalayan rocks (Burchfiel et al., 1992) . The Main Central thrust/Vaikrita thrust separates the Greater Himalayan rocks from the Lesser Himalayan rocks; this definition follows the original structural analysis of Heim and Gansser (1939) . The Ramgarh, Munsiari, and Berinag thrusts and Lesser Himalayan duplex are intra-Lesser Himalayan faults that juxtapose panels of Lesser Himalayan rocks ( Figs. 2A and 2B ). The Main Boundary thrust separates Lesser Himalayan from Subhimalayan rocks. The Main Frontal thrust separates the Subhimalayan rocks from the Indo-Gangetic plain alluvium. At depth, these faults sole into the Main Himalayan thrust, which is the basal décollement. In the next sections, we briefly review the tectono-stratigraphy, including new (this study) and existing field data (Rupke 1974; Valdiya, 1980; Srivastava and Mitra, 1994; Célérier et al., 2009; McKenzie et al., 2011; Mandal et al., 2015 Mandal et al., , 2016 . Rock unit names and brief descriptions of lithology are listed in Table 1 .
Subhimalaya
In Kumaun, Subhimalayan rocks ( Fig. 2A ; Table 1 ) are composed of coarsening-upward, Neogene sedimentary rocks (~6.0 km thick; Najman, 2006; Jain et al., 2009; Ravikant et al., 2011) that were shed from the adjacent growing Himalayan thrust belt (Praksh et al., 1980; DeCelles et al., 1998; Kumar et al., 2004; Najman et al., 2008) . Within the Subhimalayan zone, the Siwalik Group is informally divided into lower, middle, and upper units (Harrison et al., 1993 , DeCelles et al., 1998 , 2002 . The lower Siwalik unit (Fig. 3A) , deposited between 13 and 11 Ma (White et al., 2002; Kumar et al., 2004; Ravikant et al., 2011) , is an ~1500-m-thick ( Fig. 2A ) succession of alternating sandstone and mudstone. The middle Siwalik unit, deposited between 11 and 4.5 Ma (Kumar et al., 2004) , is a >2300-m-thick, vertically and laterally stacked sandstone complex. The upper Siwalik unit, deposited between 4.5 and 1 Ma (Kumar et al., 2004) , is an ~2300-m-thick succession of bedded conglomerate with lenticular bodies of sandstone and rare mudstone. The upper Siwalik unit is not exposed in this study area, so we used the nearest exposed upper Siwalik unit, ~80 km west of the study area, for the thickness (Raiverman, 2002) . Pre-Siwalik Group foreland basin units (e.g., Subathu/Bhainskati, Dagshai-Kasauli/Dumri Formations) crop out intermittently in the hanging wall and footwall of the Main Boundary thrust (Mukhopadhyay and Mishra, 2005; Robinson et al., 2006; Mishra and Mukhopadhyay, 2012) . In eastern Kumaun, the lower Siwalik unit, as well as Neogene pre-Siwalik foreland basin strata (Lugad Gad Formation; Fig. 3B ; Rupke, 1974) , crop out between the Main Frontal thrust and Main Boundary thrust ( Fig. 2A ; Table 1 ) in the Subhimalayan thrust system as three thrust sheets: the Main Frontal thrust sheet, an unnamed sheet, and the Main Dun thrust sheet. The Main Frontal thrust sheet is ~2900 m thick and contains a mudstone-sandstone sequence, including paleosols, of the lower Siwalik unit and the thickly bedded gray sandstone of the middle Siwalik unit. The basal part of the overlying Main Dun thrust sheet contains ~300 m of pale-green, biotite-rich sandstone of the Lugad Gad Formation (Rupke, 1974; Karunakaran and Rao, 1979) , which is equivalent to the early Miocene Dumri Formation of western Nepal and Kasauli/upper Dharamsala Formation of Himachal Pradesh (Najman, 2006) . Lugad Gad sandstone has prolific paleosol horizons, ripples, and high biotite content, which are nearly absent in the overlying Siwalik sandstone. The Lugad Gad Formation is overlain by mudstone-dominated lower Siwalik Group rocks in the Main Dun thrust sheet (Figs. 2A and 3A) .
Lesser Himalaya
In India, the Lesser Himalayan sequence is composed of Paleoproterozoic to Cambrian igneous and metasedimentary rocks and is divided into two parts, Paleoproterozoic-Mesoproterozoic Lesser Himalayan rocks (1900 ( -1600 and Neoproterozoic Lesser Himalayan rocks (1100-500 Ma), commonly referred as lower Lesser Himalaya and upper Lesser Himalaya, respectively (McKenzie et al., 2011; Mandal et al., 2016) . Detailed descriptions of Lesser Himalayan rocks have been presented elsewhere (Valdiya, 1980; Srivastava and Mitra, 1994; Célérier et al., 2009; Patel et al., 2007 Patel et al., , 2011 Mandal et al., 2015) and are summarized in Table 1 Table 1 ). The age of the Deoban Formation ( Fig. 3E ) is controversial, and proposed ages have ranged from latest Paleoproterozoic to latest Neoproterozoic (see discussion in Mandal et al., 2015) . Because of lithologic similarity, and potentially overlapping ages, we group it with the Mandhali Formation ( Fig. 3F ). Basal Paleoproterozoic-Mesoproterozoic Lesser Himalayan rocks (i.e., greenschist-to lower-amphibolite-facies Berinag-Munsiari Formation[s]) often crop out within the Lesser Himalayan tectono-stratigraphic zone as synclinal klippen, known as Lesser Himalayan Crystalline nappes/klippen ( Fig. 4A ) (e.g., Askot and Chiplakot klippen). Paleoproterozoic-Mesoproterozoic Lesser Himalayan rocks have very negative whole-rock neodymium isotopic values (ε Nd = ~-24.0; Ahmad et al., 2000; Robinson et al., 2001; Martin et al., 2005; Richards et al., 2005; Mandal et al., 2015; Martin, 2017) , while Neoproterozoic-Cambrian Lesser Himalayan and Greater Himalayan rocks have less negative ε Nd values (~-15.0; Ahmad et al., 2000; Robinson et al., 2001; Richards et al., 2005) . Neoproterozoic-Cambrian Lesser, Greater, and Tethyan Himalayan rocks are difficult to distinguish using depositional ages and ε Nd values alone, because they may have been part of a single Neoproterozoic continental margin (Myrow et al., 2003 (Myrow et al., , 2015 McKenzie et al., 2011 ). An estimated Lesser Himalayan minimum thickness is 8.7-10.9 km in far western Nepal (Robinson et al., 2006) , whereas in Kumaun, we use MANDAL ET AL. | Stratigraphic architecture, structural geometry, and kinematic evolution of the Kumaun Himalaya a thickness of ~11 km as determined by previous studies (Srivastava and Mitra, 1994; Célérier et al., 2009 ) and from our mapping. An intra-Lesser Himalayan thrust, known as the Tons thrust, is interpreted to separate Paleoproterozoic-Mesoproterozoic lower Lesser Himalayan rocks to the north from the Neoproterozoic-Cambrian Lesser Himalayan rocks to the south (Srivastava and Mitra, 1994; Richards et al., 2005; Célérier et al., 2009 ).
Greater Himalaya
Greater Himalayan rocks consist of Neoproterozoic-Ordovician metasedimentary and meta-igneous rocks (Parrish and Hodges, 1996; DeCelles et al., 2000; Yin, 2006; Gehrels et al., 2011) , which are intruded by Miocene leucogranite (Visonà and Lombardo, 2002; Searle et al., 2010; Godin and Harris, 2014) . Greater Himalayan rocks north of the Main Central thrust are upper-amphibolite-to granulite-facies metasedimentary and meta-igneous rocks (Figs. 4B and 4C), known as the Vaikrita Group, and they are divided from structurally low to high into the Joshimath, Pandukeswar, and Badrinath Formations (Spencer et al., 2012a (Spencer et al., , 2012b Iaccarino et al., 2017) . The upper Badrinath Formation in the study area is known as Pindari Formation (Table 1) . These three formations likely correspond to Greater Himalaya Formations I, II, and III in central Nepal (Le Fort, 1974; Colchen et al., 1986) , where a single formation may consist of different thrust sheets (e.g., Corrie and Kohn, 2011) , and the three forma tions may be separated by tectono-metamorphic discontinuities (Carosi et al., 2016) . Temperatures and pressures are as high as ~800 °C and ~14 kbar in Greater Himalayan rocks north of the Main Central thrust in an ~500 km sector spanning central Nepal through Garhwal, west of our study area (Kohn, 2014) .
Medium-to high-grade metamorphic rocks of Greater Himalayan affinity (i.e., Neoproterozoic depositional ages and less negative Nd isotopic values) also crop out within the Almora klippe (Mandal et al., 2015) carried by the Almora thrust. Valdiya (1980) described these rocks as an allochthonous unit that originated from the upper-amphibolite-to granulite-facies Greater Himalayan metamorphic rocks to the north (Fig.  4D ). The Almora klippe is composed of metasedimentary rocks and Cambrian-Ordovician (ca. 500 Ma) granitoids. These rocks show greenschist to upper-amphibolite facies structurally upward with temperatures from 500 °C to 700 °C and pressures of 4-8 kbar (Joshi and Tiwari, 2009; Rawat and Sharma, 2011) ; thus, these pressure-temperature conditions are lower than Greater Himalayan rocks north of the Main Central thrust. MANDAL ET AL. | Stratigraphic architecture, structural geometry, and kinematic evolution of the Kumaun Himalaya
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METHODS
Zircon Geochronology
Four 1-2 kg samples were collected (for sample details, see Table 2 ) and processed for U-Pb isotopic analyses of igneous and detrital zircons. Zircons were separated using a jaw crusher, disk mill, water table, magnetic separator, and heavy liquids. A split of the zircon grains was mounted in epoxy together with Sri Lanka and R33 zircon standards . These mounts were polished to halfway through individual zircon grains and imaged using backscattered-electron and cathodoluminescence imaging at the University of Arizona. Zircons were analyzed for U-Pb ages (Table 2) using the laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS) at the University of Arizona LaserChron Center following methods described in Gehrels et al. (2006 Gehrels et al. ( , 2008 Gehrels et al. ( , 2011 ; see also GSA Data Repository Table DR1 1 ) . Instrumentation included a 193 nm ArF excimer laser (Photon Machines Analyte G2) and a Nu HR multicollector (MC) ICP-MS. Spot sizes were 30 µm for U-Pb data and positioned relative to cathodoluminescence images to ensure that the ablation pits did not cross multiple age domains or inclusions. Data were standardized to Sri Lanka zircon (563 ± 3.2 Ma; 2σ), with a standardization error of ~±1%. Ages were based on 207 Pb/ 206 Pb, omitting highly discordant (>30% for detrital zircons) and compositionally anomalous data. Age uncertainties are reported both for precision and including a 1% standardization error. Uncertainties in the U-Pb decay systems are negligible.
Nd Isotopic Analysis
Four whole-rock metasedimentary rocks were collected and processed for whole-rock Nd isotopic analysis (Table 2) . Samples were powdered in a ring and puck mill. Approximately 300 mg of powdered rock were digested for 1 wk in an ~10:1 HF:HNO 3 mixture in steel-jacketed polytetrafluoroethylene (PTFE) bombs in a standard convection oven at 160 °C. The samples produced a clear solution following bomb dissolution and conversion to chlorides. Samples were spiked with mixed 149 Sm-150 Nd tracer, and Sm and Nd were isolated using established ion-chromatographic techniques (Patchett and Ruiz, 1987; Vervoort and Patchett, 1996) . The isotopic analyses were performed at Washington State University using a Thermo Finnigan Neptune MC-ICP-MS. Elemental concentrations of Sm-Nd as well as parent/daughter ratios ( 147 Sm/ 144 Nd) were determined by isotope dilution using the same solution as the isotope composition 1 GSA Data Repository Item 2019153, Table DR1 : U-Pb zircon data, is available at http://www.geosociety .org /datarepository /2019, or on request from editing@ geosociety.org. measurement, following the approach of Boelrijk (1968) . Total uncertainty is estimated to be better than 0.003% for 143 Nd/ 144 Nd and 0.5% for 147 Sm/ 144 Nd (Vervoort et al., 2004) . The four samples showed no evidence for partial melting, so we assume that the Nd isotopic characteristics are representative of the sedimentary protolith.
Mapping
We integrated our field data with the published map of Valdiya (1980) , which was georeferenced using ArcMap 10.0 TM , an ESRI mapping software package (Figs. 2A and 2B). A hillshade map was created using Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model Version 2 (GDEM V2) data set (Data source: http://asterweb .jpl .nasa .gov /gdem.asp). The georeferenced map was draped over the hillshade map to cross-check the georeferencing. We mapped structures and lithologies at scales of 1:50,000 and 1:100,000 along an ~150-km-long, north-to-south traverse between the South Tibetan Detachment system and the Main Frontal thrust. We incorporated the maps of the Chiplakot klippe (Patel et al., 2007 (Patel et al., , 2011 , the Askot klippe (Mandal et al., 2016) , and the South Tibetan Detachment system (Patel et al., 2011) in our geological map ( Fig. 2A ).
Balanced Cross-Section Construction, Assumptions, and Limits
Balanced cross section is a powerful tool for interpreting complex structures, especially in the external parts of fold-thrust belts with sparse data. Restoration validates a balanced cross section and estimates the minimum shortening or extension. Line-length-balanced cross sections assume that line lengths are conserved during deformation (Dahlstrom, 1969; Suppe, 1983; Dahlen, 1990) . Line-length balancing has been successfully applied in the Himalayan fold-thrust belt (Coward and Butler, 1985; Schelling and Arita, 1991; Srivastava and Mitra, 1994; DeCelles et al., 1998 DeCelles et al., , 2016 Robinson et al., 2006; Long et al., 2011; Khanal and Robinson, 2013; Webb, 2013; Robinson and Martin, 2014; Bhattacharyya et al., 2015a; Parui and Bhattacharyya, 2018) to determine the structural and kinematic evolution, to interpret inverted metamorphism, and to infer later exhumation processes of the metamorphic core.
We constructed a balanced cross section using a flat-ramp-flat geometry for the Main Himalayan thrust, based on a recent common conversion point receiver function image (Caldwell et al., 2013) , 125 km west of our cross section. This image reveals that the shallower Main Himalayan thrust flat lies ~10 km below sea level and dips north at ~2°, connecting to an ~10-km-high midcrustal ramp that dips north at ~16°. The deeper Main Himalayan thrust flat lies ~20 km below sea level and dips north at ~4° (Caldwell et al., 2013) . The cross section was pinned in the south by projecting the depth of the basal, undeformed Siwalik Group in the foreland Ujhani well (Sastri et al., 1971) , 151 km SSW of Tanakpur, India ( Fig. 2A) , at an angle ~2.0°. Based on calculated thicknesses of the Subhimalayan rocks that crop out within various Subhimalayan thrust sheets in the study area, or in adjacent areas (Raiverman, 2002) , we determined the footwall template and estimated the Main Himalayan thrust depth at ~6 km below the Main Frontal thrust. In addition, from the Main Boundary thrust hanging-wall lithologies, we deduced that the entire Lesser Himalayan sequence is in the Main Boundary thrust footwall and continues southward below Subhimalayan rocks. The cross section is oriented N15E, nearly parallel to the transport direction, as determined from trends of small-scale fold axes that we assumed to be orthogonal to the transport direction (e.g., Parui and Bhattacharyya, 2018) . We estimated the true thickness of the individual thrust sheets from the mean foliation dip of the thrust sheet, exposed (outcrop) width of the thrust sheet, and slope of the transect. Apparent foliation and bedding dips were calculated from surface measurements and projected along strike onto the cross section. Axial planes of highest-order, fault-bend folds from each thrust sheet were determined by bisecting the interlimb angle at the hinges, and most axial planes were drawn using the kink method (Suppe, 1983) . Additional assumptions in constructing cross sections included the following: (1) Micro-and mesoscale deformation (e.g., Figs. 3 and 4), which is dominated by shortening structures, was not taken into consideration for any units because of the difficulty in quantifying shortening amounts; (2) Greater Himalayan rock was restored as a slab, although Greater Himalayan rocks exhibit evidence for prior ductile/plastic deformation, such as grain boundary sliding, shearing, and folding (e.g., Jain et el., 2002) ; and (3) shortening from intra-Greater Himalayan thrusts (e.g., see Montomoli et al., 2013 Montomoli et al., , 2015 Larson et al., 2015; was not incorporated in the shortening estimates. These three assumptions ensure that shortening estimates are minima. Folding of the overlying roof thrusts resulted from formation of the Lesser Himalayan duplex. These large-scale folds are only shown in our cross section. When constructing the cross section, unknowns included: (1) positions of hanging-wall cutoffs of the thrust sheets, because they have all been eroded, (2) the length of the longer thrust sheets, because of erosion of their more distal tips, and (3) the position of the northern cutoff of the Lesser Himalayan rocks, which is unknown, and, thus, shortening could have been much greater. Minimum bed lengths were used in the cross section to minimize shortening, assuming that the hanging-wall cutoffs are immediately above the present-day erosional surface.
RESULTS
Zircon Geochronology and Nd Isotopic Analyses
Sample SM11-032 is from a pebbly quartzite bed ( Figs a tail toward younger ages, terminating at ca. 500 Ma. To determine the depositional age, we used the approach of Martin et al. (2011) , adding the uncertainty (including standardization errors) and rounding up to the nearest 10 Ma. Thus, we interpret the maximum depositional age of ca. 500 Ma.
Sample SM11-058 is a micaceous sandstone (or quartzite) containing internal mud drapes ( Fig. 5C ) from the Nathuakhan Formation, likely a facies variant of the ca. 800 Ma Chandpur Forma tion mapped by Célérier et al. (2009) south of the Almora klippe (Fig. 2B ). The age spectra show age clusters around ca. 1000 Ma, 1800 Ma, and 2500 Ma (Fig. 5D ). Four younger zircons yielded ages between 765 and 751 Ma with more than 90% concordance at 1σ. Following the approach of Martin et al. (2011) , we infer a maximum depositional age of ca. 760 Ma.
Sample SM11-048 is granite-augen gneiss (Figs. 2B and 6A) from the hanging wall of what Valdiya (1980) mapped as the Munsiari thrust (Fig. 2) . This sample yielded a mean crystallization age of 1860 ± 19 Ma (with ±1 standardization 206 Pb/ 207 Pb error, n = 17, both cores and rims; Fig. 6B ), with no inherited core older than ca. 1850 Ma.
Sample SM11-059 is from the Debguru porphyry ( Fig. 6C ) of the Ramgarh Group, 50 km west of our cross-section line (Fig. 2B ). This sample yielded a mean crystallization age of 1867 ± 20 Ma (with ±1 standardization 206 Pb/ 207 Pb error, n = 15, core and rims), with no inherited cores older than ca. 1850 present (Fig. 6D) .
Samples from the Munsiari Formation, SM11-039 and SM11-049, yielded very negative ε Nd values of −22.9 and −25.6, respectively. Samples from the lower part of the Greater Himalaya (Joshimath Formation), SM11-035 and SM11-046, yielded less negative ε Nd values of −16.1 and −15.1, respectively ( Fig. 2A ; Table 3 ).
Structural Mapping
Field mapping (Srivastava and Mitra, 1994; Célérier et al., 2009;  
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Himalaya. The South Tibetan Detachment system is too far north (~20 km NW of Sobla; Fig. 2A ) and in restricted areas to be reached easily; thus, we incorporated the structural fabrics and location of the South Tibetan Detachment system from Patel et al. (2011) .
Main Central Thrust Sheet
The Main Central thrust sheet carries Greater Himalayan rocks and is bounded by the South Tibetan Detachment system in the north and Main Central thrust in the south. Originally defined by Heim and Gansser (1939) , the Main Central thrust in this region is known as the Vaikrita thrust, a discrete structure that places high-grade Greater Himalayan rocks atop lowergrade Lesser Himalayan rocks. However, the lack of a general consensus in defining this high-strain zone had led to different ways of defining the Main Central thrust (see Searle et al., 2008; Martin, 2016) . In this study, we follow the definition of the Main Central thrust as a high-strain zone with a compressed metamorphic gradient (e.g., Le Fort, 1975; Martin, 2016) with distinct whole-rock Nd isotopic values and U-Pb ages in the hanging wall versus the footwall. In our field area, the Main Central thrust ( Fig. 2A ) places thick bands of garnetiferous schist with segregated quartz veins and banded gneiss on top of quartzose schists of the Paleoproterozoic Lesser Himalayan Munsiari Formation. We mapped the Main Central thrust, north of Sobla and Munsiari, as a tectono-stratigraphic boundary, juxtaposing rocks with less negative ε Nd values (−16.0 to −15.1) against rocks with very negative ε Nd values (−22.9 and −25.5; Fig. 2A ).
Greater Himalayan rocks exhibit penetrative ductile fabrics (Figs. 4B and 4C), indicating penetrative ductile deformation. In the hanging wall of the Main Central thrust, schistosity and gneissosity are the primary foliation types, and they are generally parallel to the axial planes of the small-scale mesoscopic folds. The foliations dip 55-75°N. Small-scale crenulations have axes that plunge 35-65°NE. Schistosity and gneissosity within the Greater Himalayan rocks north of the Main Central thrust are generally parallel to bedding and tectonic foliations of Paleoproterozoic Lesser Himalayan rocks in the footwall of the Main Central thrust. The thickness of Greater Himalayan rock ranges between 11 and 17 km. To the west in Garhwal, peak metamorphic temperatures range between 800 °C and 850 °C throughout Greater Himalayan rocks, whereas pressure increases from 12 to 14 kbar at 3 km above the Main Central thrust and then decreases to 9 kbar near the South Tibetan Detachment system (Spencer et al., 2012a) .
Ramgarh-Munsiari Thrust Sheet
The Ramgarh-Munsiari thrust is a crustal-scale intra-Lesser Himalayan thrust that carries Paleoproterozoic Ramgarh and Munsiari Formations and forms the floor thrust of a coupled roof thrust system of the Lesser Himalayan duplex (Robinson and Pearson, 2013) . In Garhwal-Kumaun, this thrust has been mapped as two separate thrusts, the Munsiari thrust to the north and Ramgarh thrust to the south (Valdiya, 1980; Srivastava and Mitra, 1994; Ahmad et al., 2000) . The Berinag thrust (e.g., Valdiya, 1980) also carries Paleoproterozoic rocks (McKenzie et al., 2011; Mandal et al., 2015 Mandal et al., , 2016 and may be structurally equivalent to the Ramgarh-Munsiari thrust. Hanging-wall Paleoproterozoic rocks in all of these thrusts include quartzite (Fig. 3C) , schist/phyllite, and augen gneiss. The contacts between the Paleoproterozoic granitoids and metasedimentary rocks along the Himalaya vary from intrusive to sheared (Bhattacharyya et al., 2015b; Das et al., 2016; Mandal et al., 2016) . In our study area, one of these contacts at the southern margin of the Askot klippe is sheared and juxtaposes 1857 ± 19 Ma granite-granodiorite gneiss atop a sequence of metasedimentary and metavolcanic rocks (Mandal et al., 2016) . These granitoids and associated metasedimentary rocks are part of a Paleoproterozoic continental arc Mandal et al., 2016) , and their degree of deformation varies from practically undeformed to mylonitic, with substantial grain-size reduction near major thrusts.
To the north, in the immediate footwall of the Main Central thrust, we mapped two thrust sheets ( Fig. 2A) based on the repetition of Munsiari Formation-equivalent Paleoproterozoic Lesser Himalayan rocks. The structurally higher thrust sheet is ~5 km thick and contains amphibolitefacies paragneiss, schistose quartzite, schist, and minor quartzite. North of the Chiplakot klippe, the structurally lower thrust sheet is ~5 km thick and contains ~500 m bands of dolomite and calcsilicate, along with quartzite and schist. These carbonate rocks are also part of the Munsiari Formation, similar to what is reported in far western Nepal (Robinson et al., 2006) . Bedding and schistosity are parallel to Greater Himalayan rocks with an average of 280/60°N near Sobla, while south of Munsiari, the average foliation is 230/50°NW, suggesting regional folding of the foliation. Axes of small-scale folds, and crenulation lineations trend/plunge toward the NNW, while stretching lineations trend/plunge toward the NNE. The lower thrust sheet also exhibits changes in foliation strike between Sobla and Munsiari ( Fig. 2A) , nearly parallel to the upper thrust sheet. Schistosity-parallel centimeter-scale quartz veins that are folded and boudinaged are common within both these Paleoproterozoic Lesser Himalayan thrust sheets.
Between the Lesser Himalayan Paleoproterozoic rocks to the north and Almora klippe to the south ( Fig. 2A) , the Berinag thrust carries a sequence of ca. 1800 Ma quartzite, schistose quartzite, minor schist, and 1857 ± 19 Ma granite-granodiorite gneiss (Figs. 3C and 4A ) and forms the Chiplakot and Askot klippen (Mandal et al., 2016) . Metamorphic grade ranges from greenschist to amphibolite facies. In the Askot klippe, the southern limb dips 35°N, while the northern limb dips 60°-75°S, and the axis of this syncline plunges NW (Mandal et al., 2016) . Another klippe of the Berinag thrust sheet crops out south of the Askot klippe, and it is dominantly composed of quartzite and schistose quartzite ( Fig. 2A) .
The Ramgarh-Munsiari thrust and its hanging-wall rocks crop out in the northern and southern footwall of the Almora thrust in the Almora klippe ( Figs. 2A and 2B) . Schist, schistose quartzite, and lenses of granite are common north of the klippe, while green phyllite and granitoids are common south of the klippe. The Debguru porphyry is an L-S tectonite with abundant K-feldspar augen in the southern limb ( Figs. 2A, 2B , and 6C). Bedding and foliation dips are 50-80°SW in the northern limb, whereas the dips in the southern limb are 28-58°N-NE.
Lesser Himalayan Duplex
The Lesser Himalayan duplex, consisting of Lesser Himalayan rocks, lies between the Paleoproterozoic Lesser Himalayan rocks of the Ramgarh-Munsiari thrust footwall to the north and the Almora klippe to the south, as well as underneath the Paleoproterozoic Lesser Himalayan rocks of the Chiplakot and Askot klippen. Major faults within and structurally above the Lesser Himalayan duplex were identified in the field based on sharp lithological breaks, abrupt changes in metamorphic grade, presence of shear fabrics, and/or repetition of stratigraphy. The duplex is composed of thrust sheets containing the Deoban + Mandhali Formations, Rautgara + Chakrata Formations, and the Ramgarh-Berinag-Munsiari Formations (as inferred from field mapping and balanced cross sections). North of the Almora klippe, the Paleoproterozoic Rautgara Formation (Fig. 3D) is exposed with overall northward dips. Small-scale mesoscopic folds, with northerly dipping axial planes, were also observed. The northern contact of the Rautgara Formation was mapped as a normal fault as the stratigraphically younger Deoban Dolomite dips to the south ( Fig. 2A) . North of this structure until the southern limb of the Askot klippe is reached, thick-to thin-bedded rocks of the Deoban (Figs. 2 and 3E) and Mandhali Formations ( Fig. 3F ) are exposed. Bedding dips of the Mandhali Formation are 12-36°N at the southern end of the Askot klippe ( Fig. 2A) . North of the Askot klippe, Deoban and Mandhali Formation rocks (Fig. 3F ) are locally known as the "calc zone of Tejam" (Heim and Gansser, 1939) , and they exhibit variable foliation dips and dip directions.
Almora Klippe
South of the Lesser Himalayan duplex, the Almora klippe is composed of schist, gneiss, and quartzite with Greater Himalaya affinity (ε Nd = −11.8; Mandal et al., 2015) and a WNW-ESE-trending, doubly plunging axis. This klippe has been referred to as the lower Ramgarh nappe (i.e., thrust sheet) and overlying Almora nappe (Joshi and Tiwari, 2009 ). Schistosity and gneissosity in the Almora thrust sheet are parallel to the underlying Ramgarh-Munsiari thrust sheet. Ductile shearing has produced small-scale folding (Fig. 4D ) with axial planes parallel to the regional foliation (S 1 ) and top-to-the-south vergence. Dips on the northern limb are 40-65°S-SW, while on the southern limb, dips are 32-62°N-NE.
Lesser Himalayan Imbricate Zone
The Lesser Himalayan imbricate zone is exposed in the area between south of the Almora klippe and north of the Main Boundary thrust. The zone contains intensely fractured quartzite and mafic sills, locally known as Bhowali quartzite and Bhimtal volcanics, respectively. These are likely Paleoproterozoic Rautgara-equivalent rocks (Mandal et al., 2015) and were carried in the Main Boundary thrust hanging wall ( Fig. 2A) as an imbricate thrust sheet. A similar damage zone is reported 55 km to the northwest in the immediate hanging wall of the Main Boundary thrust (Shah et al., 2012) . The northern thrust of the Lesser Himalayan imbricate zone juxtaposes the Neoproterozoic Nagthat Formation against Paleoproterozoic Rautgara equivalent rocks that crop out in the immediate Main Boundary thrust hanging wall ( Fig. 2A) . A broad syncline exposes the Neoproterozoic-Cambrian Lesser Himalayan Blaini and Krol Formations west of the cross-section line in the down-plunge direction ( Fig. 2A ).
Subhimalayan Thrust System
Between the Main Boundary thrust to the north and Main Frontal thrust to the south, the Subhimalayan thrust system consists of three thrust sheets, based on structural repetitions of similar lithofacies associations ( Fig.  2A) . The Main Frontal thrust is not exposed in Kumaun, but its location is inferred at the abrupt increase in slope from the Indo-Gangetic plain to the foothills. Beds dips at 19-52°N between the Main Frontal thrust and Main Dun thrust. A small splay of Main Dun thrust was mapped based on repetition of Lugad Gad Formation strata ( Fig. 2A) . Rocks north of this Main Dun thrust dip 55-78°N. Overall north-dipping beds within Subhimalayan thrust sheets suggest that only north-dipping limbs are preserved at the current erosional level.
INTERPRETATIONS
Lesser Himalayan Stratigraphic Ambiguity
In the past, the terms "inner" and "outer" have been used to designate the geographic locations of Lesser Himalayan stratigraphy with respect to the Tons thrust (see Célérier et al., 2009 , and references therein). The Tons thrust has been mapped as terminating at the NW end of the Almora klippe (Srivastava and Mitra, 1994;  Fig. 1B ). However, Célérier et al. (2009) extended the Tons thrust to approximately our mapped position of the Ramgarh-Munsiari thrust immediately north of the Almora klippe (near sample SM11-022; Fig. 2A ). Here, we recommend that "inner" versus "outer" be discontinued because stratigraphic level or age is useful for interpreting structure, and "inner" and "outer" obscure the structural significance of stratigraphic repetitions within the thrust belt. Based on U-Pb detrital zircon data, Mandal et al. (2015) showed that Paleoproterozoic strata crop out south of the Almora klippe, which implies that the Lesser Himalayan duplex and the Lesser Himalayan imbricate zone control the distribution of Lesser Himalayan rocks, not the Tons thrust. In addition, an intra-Lesser Himalayan Tons thrust (Richards et al., 2005) would have juxtaposed the Paleoproterozoic with Neoproterozoic Lesser Himalayan rocks before emplacement of the Almora klippe (= Main Central thrust; Célérier et al., 2009) or movement along the Ramgarh-Munsiari thrust. This scenario would make the Main Central thrust and Ramgarh-Munsiari thrust out-of-sequence thrusts. No evidence exists for this kinematic interpretation either in our field area or elsewhere along strike in the Himalaya.
South of the Almora klippe in the Ramgarh-Munsiari thrust hanging wall, sample SM11-058 (Figs. 2B and 7A) is from a micaceous quartzite/sandstone, unconformably overlying the ca. 1850 Ma Debguru porphyry (Mandal et al., 2015) , and it yielded a ca. 760 Ma depositional age (Fig. 5D ). This ca. 760 Ma depositional age is younger than the reported depositional ages along strike, i.e., ca. 800 Ma ) and ca. 880 Ma (Mandal et al., 2015) . We interpret this ca. 760 Ma unit as the Nathuakhan Formation, which is likely a distal facies variant of the Chandpur Formation ). We assign it to the Ramgarh-Munsiari thrust sheet where Debguru porphyry unconformably underlies the Nathuakhan Formation ( Figs. 2A, 2B , 7A, and 7B). We further interpret that the Ramgarh-Munsiari thrust sheet is folded underneath the Almora klippe and crops out south of the Almora thrust, where it contains some younger, Neoproterozoic Nathuakhan Formation strata. In contrast, the Ramgarh-Munsiari thrust sheet in far western Nepal carries only the Paleoproterozoic Kushma and Ranimata Formations, and it is folded underneath the Dadeldhura klippe. Kumaun is the first location along the Himalayan arc where the Ramgarh-Munsiari thrust carries rocks younger than Paleoproterozoic.
Tectono-Stratigraphic Characterization of Klippen Rocks
The klippen of the Kumaun region provide insights into tectonic interpretations not possible elsewhere. The doubly plunging synclinal Almora klippe is the most structurally and stratigraphically complicated of all klippen within the Lesser Himalayan tectono-stratigraphic zone because it structurally rests on a coupled thrust system, consisting of the structurally higher Almora thrust (= Main Central thrust) and structurally lower Ramgarh-Munsiari thrust. Previous structural models (Srivastava and Mitra, 1994; Célérier et al., 2009 ) followed the interpretation of Valdiya (1980) that the entire Almora klippe is the southward continuation of the Ramgarh-Munsiari thrust sheet. However, relatively young U-Pb ages (ca. 810-510 Ma; Fig. 2A ) and less negative whole-rock ε Nd values Figs. 2A and 2B) demonstrate that the Almora klippe represents the southern continuation of the Main Central thrust sheet or possibly an intra-Greater Himalayan thrust sheet carrying Greater Himalaya-affinity rocks (Mandal el al., 2015) . Thus, the North and South Almora thrusts ( Fig. 2A) are the Main Central thrust or an intra-Greater Himalayan thrust. Paleoproterozoic rocks are present underneath these Greater Himalayan rocks on the north and south sides of the klippe ( Figs. 2A and 2B) , and they are (Sastri et al., 1971) , near Badaun, Uttar Pradesh India ~150 Km SW from the cross section line. 2. The location of the MFT is based on break in surface slope beween the Indo-Gangetic plain to the south and Siwalik Hills to the north in DEM model (Fig. 3) . 3. Presence of intra-formation thrust within Lugad Gad Formation is interpreted due to structural repetition. 4. Minimum southward extent of the RMT, south of the Almora klippe, is based on 1.85 Ga granitoids and associated metasedimentary rocks. 5. Out-of-sequence faulting, north of the Almora klippe is based on field observation, and presence of ca. 1600 Ma Rautgara Quartzite (Mandal et al., 2015) . 6. Geometry and upper crustal ramp location of the MHT are interpolated from crustal scale receiver function geophysical image of Garhwal (Caldwell et al., 2013) . 7. The location of LHD matches with the micro-seismicity data, which shows a nw-se linear trend in western Nepal and Kumaun. 8. The average dip of the MHT ranges between 2-4 degrees (Caldwell et al., 2013) . 9. The geometry of the southern limb of the Askot klippe is controlled by the mid-crustal ramp geometry. 10. The MCT proximal footwall and hanging wall rocks were ductilely deformed when these high-grade rocks were emplaced as high-grade metamorphic core of the orogen. 11. GH rocks treated as a slab carried by the MCT, thus, providing minimum shortening. 12. Location of the STDS is adopted from Patel et al. (2007 Patel et al. ( , 2011 . (2015, 2016) .
MANDAL ET AL. | Stratigraphic architecture, structural geometry, and kinematic evolution of the Kumaun Himalaya RESEARCH carried by the Ramgarh-Munsiari thrust, which is folded along with the Main Central thrust sheet to form the klippe (Fig. 7A ). In the footwall of the South Almora thrust (Main Central thrust), the basal part of the Ramgarh-Munsiari thrust sheet is composed of rocks with crystallization ages of 1867 ± 20 Ma (sample SM11-059, Debguru porphyry) and 1869 ± 19 Ma (sample SM11-009), and they are unconformably overlain by Neoproterozoic Nagthat and Chandpur-equivalent (Nathuakhan Formation) rocks (SM11-006, SM11-058; Figs. 2B and 7A) . In the footwall of the North Almora thrust (Main Central thrust), metasedimentary rocks with very negative ε Nd values (−24.6; Fig. 2A ) crop out. While previous studies distinguished the Ramgarh thrust (= Ramgarh-Munsiari thrust) on the south side of the Almora klippe, they did not identify the Ramgarh-Munsiari thrust on the north side of the klippe because the Ramgarh-Munsiari thrust sheet rocks appear similar in outcrop to the overlying Greater Himalaya-affinity rocks (Valdiya, 1980; Srivastava and Mitra, 1994; Célérier et al., 2009) . Geochronology and isotope geochemistry allowed the Ramgarh-Munsiari thrust Lesser Himalayan rock to be identified on both sides of the klippe (Mandal et al., 2015;  this study).
Between the Almora and Askot klippen, the Berinag thrust emplaces predominantly ca. 1800 Ma quartzite with minor schist atop the younger Deoban and Mandhali Formations ( Fig. 2A) . Because the Berinag thrust carries Paleoproterozoic rock (sample NDIC, ca. 1800; McKenzie et al., 2011) , it occupies a similar structural position as the Ramgarh-Munsiari thrust. Similarly, the Berinag thrust carries the Askot klippe and emplaces 1857 ± 19 Ma igneous rocks (granite-granodiorite gneiss; SM11-028 IZ; Fig. 2A ) and ca. 1800 Ma quartzite and schist (SM10-021 DZ; Fig.  2A ) above the Neoproterozoic Lesser Himalayan Deoban and Mandhali Formations. Thus, the Berinag thrust again occupies a similar structural position as the Ramgarh-Munsiari thrust. In addition, the north, south, and central Chiplakot thrusts underlie the Chiplakot klippe and its Paleoproterozoic orthogneiss (Phukon et al., 2018) and may correlate with the Berinag thrust/Ramgarh-Munsiari thrust. North of the Chiplakot klippe, the Ramgarh-Munsiari thrust sheet, which roots into the immediate Main Central thrust footwall, consists of abundant Paleoproterozoic augen gneiss with a crystallization age of 1860 ± 19 Ma (sample SM11-048; Fig. 2A ; also see Phukon et al., 2018) , and metasedimentary rocks with large negative (−25.6) ε Nd values (sample SM11-049; Fig. 2A ). The consistency of Lesser Himalayan Paleoproterozoic metasedimentary and igneous rocks and very negative ε Nd values (−20 to −25) suggests that the Berinag thrust is actually an isolated klippe of the Ramgarh-Munsiari thrust sheet.
Metamorphic conditions are consistent with these interpretations. Along strike to the west and east, Paleoproterozoic Munsiari Formation rocks in the Main Central thrust footwall are metamorphosed to amphibolite facies at pressure-temperature conditions of ~575 °C and ~8 kbar (Spencer et al., 2012a; Iaccarino et al., 2017) . In contrast, beneath the Almora klippe, Paleoproterozoic Lesser Himalayan rocks are metamorphosed to greenschist-facies conditions (chlorite-biotite phyllite; Joshi and Tiwari, 2009 likely 400-500 °C (e.g., Ferry, 1984) . The difference in temperatures from north to south results from the fact that the rocks carried by the Ramgarh-Munsiari thrust in the north were buried deeper than those to the south along a lateral thermal gradient, as has been inferred elsewhere in the Himalaya (Kohn, 2008) .
Lesser Himalayan rocks carried by the Ramgarh-Munsiari thrust sheet are (1) granitoid plutons of arc affinity see also Miller et al., 2000) that formed during a major crustal reworking event at ca. 1850 (Mandal et al., 2016) , and (2) ca. 1800 Ma metasedimentary rocks (clastic and volcaniclastic supracrustal rocks) from the Paleoproterozoic arc-assemblage Mandal et al., 2016 ) that blanketed the ca. 2500 old Indian cratonic basement (Mondal et al., 2002) , at least in the Garhwal-Kumaun region. These plutonic and volcanic rocks of the Paleoproterozoic arc postdate formation of ca. 2500 Ma cratonic India, so they cannot represent Indian basement as proposed by Célérier et al. (2009) . As a result of these data, we propose that the Askot and Chiplakot klippen are erosional remnants of an originally continuous Ramgarh-Munsiari thrust sheet that was emplaced over the top of Neoproterozoic-Cambrian Lesser Himalayan rocks.
Balanced Cross Section
Our balanced cross section shows that the structural geometry consists of a hinterland-dipping duplex system of Lesser Himalayan rocks, with the Main Central thrust and Ramgarh-Munsiari thrust acting as coupled roof thrusts and the Main Himalayan thrust acting as a floor thrust (Fig. 7A ), similar to far western and central Nepal Robinson et al., 2006; Khanal and Robinson, 2013; Robinson and Martin, 2014) and in Bhutan (McQuarrie et al., 2008; Long et al., 2011) . Based on similar lithologic assemblages and Paleoproterozoic ages of the thrust sheet rocks carried on the Munsiari thrust, Berinag thrust, Chiplakot klippe, Askot klippe, and Ramgarh thrust, we interpret these as all part of one folded, far-traveled thrust sheet, the Ramgarh-Munsiari thrust. The Ramgarh-Munsiari thrust and another thrust sheet structurally form the immediate footwall of the northernmost Main Central thrust (Fig. 7A) . The Ramgarh-Munsiari thrust is folded, forming the klippen, commonly referred to as "Lesser Himalayan Crystallines" (e.g., Patel et al., 2011, and references therein) . The Ramgarh-Munsiari thrust sheet, along with the North Almora thrust-South Almora thrust (i.e., Almora thrust/Main Central thrust) sheet, is regionally folded along a WNW-ESE-trending axis forming the Almora klippe (Fig. 7A ). Near-parallel bedding (S 0 ) and foliation (S 1 ) dips of the Ramgarh-Munsiari thrust and Almora klippe rocks suggest a possible flat-on-flat relationship ( Fig. 2A) . Folding of the Ramgarh-Munsiari thrust and Main Central thrust sheets occurred as the Lesser Himalayan duplex formed.
The Lesser Himalayan duplex consists of seven north-dipping thrust sheets (A-G in Figs. 7A and 7B) with an average thickness of ~4700 m. The number of thrust sheets (i.e., horses) was determined based on surface dips, stratigraphic information, and available space between the northernmost exposure of the Ramgarh-Munsiari thrust and the Main Himalayan thrust ramp, defined from a common conversion point (CCP) image (Caldwell et al., 2013) . All these thrust sheets contain rocks from the Ramgarh/Berinag/Munsiari Formations, Rautgara/Chakrata Formations, and Deoban/Mandhali Formations. Thrust sheet G additionally contains Neoproterozoic-Cambrian Lesser Himalayan rocks, including the Chandpur/Nagthat Formation and overlying strata. The thrust sheets in this hinterland-dipping system progressively steepen to the north. The Main Central thrust and Ramgarh-Munsiari thrust sheets were emplaced on top of undeformed Lesser Himalayan rocks. Formation of the Lesser Himalayan duplex deformed these thrust sheet rocks into a series of anticlines and synclines. The synclines preserve hanging-wall rocks of the Main Central thrust in the Almora klippe and of the Ramgarh-Munsiari thrust in the Chiplakot, Askot, and Almora klippen. Thrust sheets A-C lie in the proximal footwall of the northernmost exposure of the Ramgarh-Munsiari thrust. Thrust sheets B and C were buried beneath the Chiplakot klippe and are required to fill the space between exposed thrust sheets A and D. Thrust sheets D and E control the geometry of the asymmetrical Askot klippe, while thrust sheets F and G form two anticlines north of the Almora klippe. Emplacement of this hinterland-dipping duplex folded the Ramgarh-Munsiari thrust and overlying Main Central thrust sheets to form the Almora klippe. Thrust sheet G forms a broad faultbend fold, which was subsequently cut by three out-of-sequence faults located immediately north of the northern limb of Almora syncline (Fig.  RESEARCH   7A ). These three faults have both normal and thrust motions and likely formed at different times in response to the super-and subcritical stages of the Himalayan wedge (e.g., Robinson, 2008) . These faults breach the overlying Ramgarh-Munsiari thrust and Main Central thrust (Fig. 7A ) and juxtapose the Paleoproterozoic Rautgara Formation against the Paleoproterozoic Ramgarh Formation (Fig. 7A ). Thrust sheet F is also cut by one out-of-sequence fault. Growth of these out-of-sequence faults caused variability in the orientations of bedding and foliations north of the Almora klippe. The Ramgarh-Munsiari thrust sheet changes thickness from 3-4 km at its northernmost exposure in the footwall of the Main Central thrust to ~1 km in its southernmost exposure south of the Almora klippe (Fig.  7A) as the thrust cuts up through the Paleoproterozoic Lesser Himalayan rock in the transport direction.
The southernmost Lesser Himalayan thrust sheet dictates the structural geometry between the Ramgarh-Munsiari thrust of the Almora klippe to the north and the Main Boundary thrust to the south with a broad syncline and an out-of-sequence thrust. The broad syncline exposes the Neoproterozoic Nagthat Formation (ca. 560 Ma; Fig. 7A, annotation 12) . The out-of-sequence thrust juxtaposes clean Paleoproterozoic quartzite with intercalated mafic schist of the Rautgara Formation against the Neoproterozoic micaceous quartzite of the Nagthat Formation. Emplacement of this thrust sheet likely folded the southern Almora klippe toward the north. In the Subhimalayan thrust system, the northernmost thrust sheet, the Main Dun thrust sheet, carries the north-dipping Lugad Gad Formation and overlies the younger lower Siwalik unit. South of the Main Dun thrust, the Main Frontal thrust lacks southerly dipping beds, indicating that the Main Frontal thrust hanging wall at present day preserves only the north-dipping limbs of eroded, hanging-wall anticlines (Fig. 7A) .
Restoration of our balanced cross section into an undeformed geometry (Fig. 7B) , including restoration of the deformed Tethyan Himalaya (Murphy and Yin, 2003) , yields a minimum estimate of original length (L o ) of ~674-751 km on this cross section (Table 4 ). The deformed length (L f ) of the cross section is ~141 km (Fig. 7A) . Hence, the total minimum amount of shortening (L o -L f ) by various structures between the Main Frontal thrust to the south and the Main Central thrust to the north ranges between ~541 km (79%) and ~575 km (80%). This reconstruction represents a minimum amount of shortening (~128 km) on the Main Central thrust if Greater Himalayan rocks were emplaced as a slab. If rocks of the Almora klippe were carried on another intra-Greater Himalayan thrust sheet, shortening amounts are greater (~163 km). Moreover, shortening must have been greater than we have calculated because we excluded penetrative strain, small-scale shortening structures, and intra-Greater Himalayan thrust sheets (Montomoli et al., , 2015 Larson et al., 2015; Braden et al., 2017) . The Ramgarh-Munsiari thrust has minimum shortening of ~112 km, while the Lesser Himalayan duplex accommodates ~270 km of minimum shortening. The Subhimalayan thrust system has ~22 km of minimum shortening.
DISCUSSION
Lesser Himalayan Duplex Structural Geometry and Along-Strike Variability
Our balanced cross section-based structural geometry was derived by incorporating recent and new stratigraphic information, including the following: (1) The Almora klippe is not the southward continuation of the Paleoproterozoic Munsiari thrust sheet, but rather it contains Neoproterozoic-Ordovician Greater Himalaya affinity rocks; (2) the Munsiari, Berinag, and Ramgarh thrusts are part of a once-continuous thrust sheet of Paleoproterozoic rocks that was carried by the Ramgarh-Munsiari thrust sheet; (3) Ramgarh-Munsiari thrust sheet rocks are present on the either side of the Almora klippe, carrying only Paleoproterozoic rocks north of the Almora klippe, but both Paleoproterozoic and Neoproterozoic rocks south of the Almora klippe; and (4) ca. 1600 Ma Rautgara Formation rocks are present on the north side of Almora klippe, structurally below the Ramgarh-Munsiari thrust (Fig. 7A ). These stratigraphic data require revision of the cross sections of Srivastava and Mitra (1994) and Célérier et al. (2009) . In such revisions, the location and dip amount of the midcrustal ramp in the Lesser Himalayan stratigraphy are crucial for determining the correct geometry of the Lesser Himalayan duplex. This geometry is known from new seismic reflection data ~125 km west of our study area, based on the positive impedance contrast due to juxtaposition of Ramgarh-Berinag-Munsiari (Paleoproterozoic Lesser Himalayan) rocks against the carbonate rocks of the Deoban and Mandhali Formations (Caldwell et al., 2013) . These data provide more definitive geometries of the midcrustal ramp and require less extrapolation in comparison to previous studies. For example, the midcrustal Lesser Himalayan ramp in the Srivastava and Mitra (1994) cross section is 30 km north of the interpreted ramp in Caldwell et al. (2013) . Given that the reflection profile that we used to determine the midcrustal ramp geometry of our cross section is ~125 km to the west, it is possible that lateral ramps shift the midcrustal Lesser Himalayan ramp slightly to the north or south compared to our cross sections.
Because the hinterland-dipping Lesser Himalayan duplex accommodates the most shortening (270 km or 40% of the total shortening; Table  4 ), it thereby controls the structural architecture of Kumaun. Although the Lesser Himalayan duplex is ubiquitous along strike throughout the Himalaya, geometries and participating rock units vary (Srivastava and Mitra, 1994; Robinson et al., 2006; Long et al., 2011; Khanal and Robinson, 2013; Webb, 2013; Bhattacharyya et al., 2015a; Robinson and Martin, 2014; Parui and Bhattacharyya, 2018) as follows:
(1) Himachal Pradesh (west of our study area): The hinterland-dipping Lesser Himalayan duplex contains Paleoproterozoic rocks to the north overlain by Neoproterozoic-Cambrian rocks (Webb, 2013) .
(2) Western and central Nepal: The hinterland-dipping duplex contains Paleoproterozoic and Mesoproterozoic rocks as well as Gondwana sedimentary rocks and Miocene foreland basin rocks (Robinson et al., 2006; Khanal and Robinson, 2013; Robinson and Martin, 2014) .
(3) Sikkim (India): The Lesser Himalayan duplex contains Paleoproterozoic hinterland-dipping duplexes in the north and south, and a duplex that carries Paleoproterozoic-Permian rocks, the overall orientation of which ranges from hinterland-dipping to antiformal stack to (Khanal et al., 2015b) . † Minimum if Almora klippe is southern continuation of Greater Himalaya.
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foreland-dipping (Bhattacharyya and Mitra, 2009; Bhattacharyya et al., 2015a; Parui and Bhattacharyya, 2018) . The part of the duplex to the south remains blind in eastern Sikkim, and the geometry varies from hinterlanddipping to foreland-dipping orientation (Parui and Bhattacharyya, 2018) .
(4) Bhutan (eastern Himalaya): In eastern Bhutan, a hinterland-dipping Lesser Himalayan duplex system includes both Paleoproterozoic units in the north and Neoproterozoic to Cambrian (?) units in the south (Long et al., 2011) . In western Bhutan, the northern part of the Lesser Himalayan duplex is modeled as having hinterland-to foreland-dipping orientation (Long et al., 2011; McQuarrie et al., 2014) .
Comparison of Shortening Estimates in Kumaun
The minimum shortening estimate between the Main Frontal thrust and Indus suture zone (i.e., cumulative shortening taken up by Subhimalayan, Lesser Himalayan, Greater Himalayan, and Tethyan Himalayan rocks) along the Pindari cross section of Srivastava and Mitra (1994) , ~70 km west of our cross section, is ~687-754 km or 69%-72%, while our total estimate is ~674-751 km. Our estimated shortening between the Main Frontal thrust and South Tibetan Detachment system is 541-575 km (79%-80%), while shortening estimated by Srivastava and Mitra (1994) was 354-421 km (76%-79%; Table 4 ). It is striking that these two studies have similar estimated shortening percentages, which is a function of undeformed cross-section length, even though they contain different stratigraphic assumptions (cf. Robinson and Martin, 2014) . For example, Srivastava and Mitra (1994) reinterpreted the Berinag thrust (Valdiya, 1980) as a normal fault that emplaced the Berinag Formation above the Damtha Group. However, our new chronostratigraphy reveals that the Berinag Formation is older (youngest zircon ca. 1800 Ma; McKenzie et al., 2011; Mandal et al., 2015) than the Damtha Group (youngest zircon ca. 1600 Ma; Mandal et al., 2015) , implying a thrust fault. Our new chronostratigraphy also places the Ramgarh, Munsiari, and Berinag Formation in the same unit and on the same thrust sheet. As in many other studies, our minimum shortening estimate of ~700 km in the fold-thrust belt represents only approximately one third of the total convergence estimated for the central part of the Himalaya (van Hinsbergen et al., 2011) . Estimated minimum shortening across the Himalaya, from west to east, is given in Table 5 , including shortening of the Subhimalayan, Lesser Himalayan, and Greater Himalayan rocks. Drastic variations in shortening estimates exist, ranging between 258 and 780 km, with the highest total minimum shortening estimates from western Nepal (691-780 km; Robinson et al., 2006) . Such variations in minimum shortening estimates across the Himalayan fold-thrust belt are the result of differences in assumptions regarding ramp geometry and location, initial width of the precursor basin, and variations in lithologic/stratigraphic packages that control rock mechanics.
Temporal Evolution
The ages of deformation for the Tethyan Himalayan, Greater Himalayan, and Lesser Himalayan rocks were constrained using published U-Pb crystallization ages on zircon and monazite, and 40 Ar/ 39 Ar thermochronology on muscovite. Here, we emphasize results from Garhwal and far western Nepal, because these regions are proximal to Kumaun.
Tethyan Deformation and the South Tibetan System
Between ca. 55 and 25 Ma, Tethyan Himalayan rocks experienced thrusting and crustal thickening, leading to the burial and metamorphism of Greater Himalayan rocks (Harrison et al., 1997; Searle et al., 1999; Catlos et al., 2001; Godin et al., 2001; Kohn, 2008; Dunkl et al., 2011; Kohn, 2014; Braden et al., 2017; Montomoli et al., 2017) . In Garhwal, ~95 km west of our Kumaun cross section, monazite ages constrain initial high-temperature cooling and crystallization of melts at ca. 25 Ma (see Iaccarino et al., 2017) . These data suggest earliest movement on the South Tibetan Detachment system and consequently termination of Tethyan Himalaya thickening prior to 25 Ma. The Malari granite (Sachan et al., 2010) reflects decompressional melting of underlying Greater Himalayan rocks , intrudes the South Tibetan Detachment system, and shows postemplacement brittle-ductile to brittle deformation (Sen et al., 2015) . Zircon crystallization ages indicate that high-temperature ductile movement along the South Tibetan Detachment system ceased by ca. 19 Ma (Sachan et al., 2010) . Muscovite 40 Ar/ 39 Ar cooling ages of 15.2 Ma from the Malari granite suggest that brittle-ductile deformation along the South Tibetan Detachment system may have continued until ca. 15 Ma (Sen et al., 2015; Iaccarino et al., 2017; Montemagni et al., 2019) .
Greater Himalayan Deformation and the Main Central Thrust
In western Nepal, 230 km east of our Kumaun cross section, peak burial of Greater Himalayan rocks, presumably by the Tethyan thrust belt, occurred between 36 and 30 Ma (La Roche et al., 2016) . Intra-Greater Himalayan faults have been found north of the Main Central thrust that moved between 28 and 17 Ma (Montomoli et al., , 2015 Carosi et al., 2016; . In the same region, shearing along the South Tibetan Detachment system ended between 25 and 23 Ma . Intra-Greater Himalayan faults have not been reported yet in Kumaun and Garhwal, but their widespread occurrence along strike suggests they are likely present. The age of the Main Central thrust is reported as between 16 and 9 Ma in Garhwal (Montemagni et al., 2018) , but it is as yet unknown in Kumaun. Muscovite 40 Ar/ 39 Ar cooling ages from the immediate Main Central thrust hanging wall in far western Nepal were interpreted to indicate an age of motion on the Main Central thrust at ca. 25 Ma; however, the spectra are disturbed, and the age is likely ≤20 Ma ( fig. 11 of Robinson et al., 2006) . North of the easternmost part of the Dadeldhura klippe, motion on the Main Central thrust occurred between 18 and 13 Ma Iaccarino et al., 2017) . A younger muscovite 40 Ar/ 39 Ar cooling age in Garhwal could imply an age for motion on the Main Central thrust as young as 6.3 Ma. However, young cooling ages north of the Main Central thrust are common along the Himalayan arc due to uplift and exhumation from a ramp in the Main Himalayan thrust Ehlers, 2015, 2017; Gilmore et al., 2018) .
In far western Nepal, the eastern extension of the Almora klippe is the Dadeldhura klippe. Greater Himalayan rocks within the Dadeldhura klippe cooled through the muscovite 40 Ar/ 39 Ar closure temperature (nominally 400-425 °C; Harrison et al., 2009 ) at 22.7 Ma on the southern margin of the klippe, 21 Ma toward the klippe center, and 18.2 Ma on the northern margin (Robinson et al., 2006; Antolin et al., 2013) . An emplacement age of 23-18 Ma for the combined Dadeldhura-Almora klippe is supported by zircon fission-track data from Singh and Patel (2017) that range in age from 21 Ma on the south side to 13 Ma on the north side of the klippe. Zircon fission-track ages have a closure temperature of 260 °C with a partial retention zone between 260 °C and 200 °C (Peyton and Carrapa, 2013) , so ages that are younger than the muscovite cooling ages are expected. If the Almora-Dadeldhura klippe was emplaced between 23 and 18 Ma, and motion on the Main Central thrust was not until 18-13 Ma, the Greater Himalayan klippe rocks may have been emplaced by intra-Greater Himalayan thrusts as suggested by Khanal et al. (2015b) in central Nepal.
Ramgarh-Munsiari Thrust
In far western Nepal, Robinson et al. (2006) estimated motion on the Ramgarh-Munsiari thrust to be between ca. 17 and 10 Ma, based on muscovite 40 Ar/ 39 Ar cooling ages. Initial movement of the Ramgarh-Munsiari thrust must have occurred at 16 ± 1 Ma because the thrust cuts the ca. 15 Ma Dumri Formation . In Kumaun, Célérier et al. (2009b) reported muscovite 40 Ar/ 39 Ar cooling ages of 13.6-9.8 Ma from the Askot klippe, part of the Ramgarh-Munsiari thrust sheet. Bollinger et al. (2006) in far western Nepal, 45 km east of our study area, reported a hornblende 40 Ar/ 39 Ar cooling age of 13 ± 2 Ma and low-temperature (<370 °C) retrograde monazite at ca. 10 and 4 Ma. If motion on the Main Central thrust halted between 17 and 13 Ma, the Ramgarh-Munsiari thrust motion must have begun afterward. Paleoproterozoic detritus from this sheet eroding and collecting in the Siwalik Group is ca. 11-10 Ma in far western Nepal (Robinson and McQuarrie, 2012) . Based on the data, perhaps an age of motion on the Ramgarh-Munsiari thrust is 14-10 Ma.
Lesser Himalayan Duplex
The Lesser Himalayan duplex may have started to form at ca. 10 Ma in western Nepal (Robinson et al., , 2006 , and perhaps also in Kumaun. In regions that are located near our study area but outside of Figure 2 , Lesser Himalayan rock temperatures decrease from ~550 °C in the Ramgarh-Munsiari thrust (Spencer et al., 2012b, from Garhwal) to <330 °C in southern part of the Lesser Himalayan duplex ). The last thrust in the Lesser Himalayan duplex is the Main Boundary thrust, and it has no timing constraints in Kumaun. In central Nepal, motion on the Main Boundary thrust cuts the lower part of the upper Siwalik unit, limiting first motion to ca. 4 Ma (Ojha et al., 2008) . Although there are no data in Kumaun, a general age for the timing of the Subhimalayan thrust system is from mid-Pliocene to present (Wesnousky et al., 1999; Lavé and Avouac, 2000) .
Kinematic Evolution
Our new structural geometric model differs significantly from previous interpretations (Srivastava and Mitra, 1994; Célérier et al., 2009) , and in combination with the new timing data presented herein, it warrants a new kinematic model explaining the structural evolution along the cross-section line. This model begins with the assumption that the Lesser Himalayan rocks represent passive-margin sediments that blanketed the pre-Himalayan, northern Indian cratonic margin ( Fig. 8A ; e.g., Rupke, 1974; Valdiya, 1980; Brookfield, 1993; Ahmad et al., 2000; Miller et al., 2000; DeCelles et al., 2001; Myrow et al., 2003 Myrow et al., , 2010 Richards et al., 2005; Mandal et al., 2016) . Tethyan Himalayan and some Lesser Himalayan rocks are Paleozoic to Cretaceous in age, and we assume they were deposited horizontally atop the Paleoproterozoic-Neoproterozoic Lesser Himalayan rocks. Because there is no record of pre-Tertiary deformation and metamorphism in India Kohn et al., 2010) , we assume these Lesser Himalayan rocks were also flat-lying strata. This initial configuration (Fig. 8A) precedes the earliest reported deformation and metamorphism (ca. 40 Ma), before formation of any Greater Himalaya tectono-metamorphic discontinuities (see Carosi et al., 2018) . In addition, the northern termination of Lesser Himalayan rocks is unknown, so the length of the Lesser Himalayan strata could have been much greater than the minimum shown in Figure 8A . The location of Greater Himalayan rocks in relationship to Lesser Himalayan rocks is also unknown, but Greater Himalayan rocks come from a midcrustal location deeper than the Lesser Himalayan rocks and must have originated further north than Lesser Himalayan rocks. To minimize shortening, we assume that the North and South Almora thrust is the same thrust as the Main Central thrust, although the klippe could be an intra-Greater Himalayan thrust sheet (e.g., Cottle et al., 2015; Khanal et al., 2015b; Wang et al., 2015; Parsons et al., 2016) .
Because intra-Greater Himalaya thrusting has not yet been identified in Kumaun, Figure 8B begins with motion on the Main Central thrust. If the Dadeldhura-Almora klippe was emplaced by an intra-Greater Himalayan fault, the age for that would be ca. 23-18 Ma. If, as is shown in Figure 8B for simplification, the Main Central thrust emplaced the klippe, the timing of motion would likely be 17-13 Ma . Following motion on the Main Central thrust, the Ramgarh-Munsiari thrust imbricate sheet and the Ramgarh-Munsiari thrust incorporated Lesser Himalayan rocks into the wedge and were emplaced over other Lesser Himalayan rocks that would become the Lesser Himalayan duplex (Fig. 8C ). Movement on the main part of the Ramgarh-Munsiari thrust must have initiated after 17 Ma . Given the data in the Garhwal-western Nepal region, we suggest an age of ca. 14-10 Ma for the Ramgarh-Munsiari thrust imbricate sheet and the Ramgarh-Munsiari thrust.
From ca. 10 to 4 Ma, thrust sheets A-G were emplaced from hinterland to foreland, with the Main Boundary thrust as the last thrust sheet in the system (Figs. 8D-8F) . The overlying Ramgarh-Munsiari thrust and Main Central thrust sheets were passively translated southward and folded as the Lesser Himalayan duplex grew. Growth of the Lesser Himalayan duplex folded the northern part of the Almora klippe to dip southward. Apatite fission-track ages indicate that this folding occurred sometime between 13 and 7 Ma (Patel et al., 2015) . Folding of the southern edge of the Almora klippe and underlying Ramgarh-Munsiari thrust may have occurred as the Main Boundary thrust was emplaced. In central Nepal, the age for the Main Boundary thrust is ca. 4 Ma (Ojha et al., 2008) ; however, apatite fissiontrack cooling ages are 7-6 Ma in the Ramgarh-Munsiari thrust sheet (Patel et al., 2015) , which was folded along with the klippe rocks in the southern part of the Almora klippe. These observations indicate that first motion on the Main Boundary thrust in Kumaun may have started earlier (>7-6 Ma) than in central Nepal. Motion on the Subhimalayan thrust system brings the fold-thrust belt to a nearly complete configuration (Fig. 8G) .
Our final deformation frame (Fig. 8H ) takes into account out-ofsequence faults, which commonly form in thrust belts as a wedge readjusts to critical taper by either building taper (thrust faults) or reducing taper (normal faults; e.g., Davis et al., 1983) . In kinematic models, the point at which these faults are imposed does not affect large-scale interpretations; this is why we impose them after thickening of the orogenic wedge. However, including these faults does more accurately reflect field relationships and our final cross section. Out-of-sequence thrusting at the northern edge of the Almora klippe may be linked with the growth of the out-of-sequence thrust systems in thrust sheet G, tilting the northern part of the Almora klippe (Fig. 8G) . In Kumaun, a series of in-sequence thrusts dominated formation of the orogenic wedge from early Miocene time to the present; thus, most of the evolution the Himalayan fold-thrust belt can be simply explained as a critically tapered wedge.
CONCLUSIONS
We present a new mapping and structural interpretation based on our revised chronostratigraphy in Kumaun, northwest India, and find the following main points:
(1) The Ramgarh, Berinag, and Munsiari rocks, including Paleoproterozoic gneiss, were part of a once-continuous Paleoproterozoic unit that was translated south on the Ramgarh-Munsiari thrust. Growth of the underlying Lesser Himalayan duplex folded the thrust sheet, and erosion isolated thrust sheets into synclinal klippen.
(2) The Almora thrust sheet (= Main Central thrust) and the underlying Ramgarh-Munsiari thrust sheet together formed the coupled roof thrust system for the Lesser Himalayan duplex. Progressive growth of the Lesser Himalayan duplex folded the overlying thrust sheets and shaped the final geometry of the Almora klippe.
(3) The Himalayan fold-thrust belt in Kumaun is a forward-propagating thrust system, typical of thin-skinned-style tectonics.
(4) The Lesser Himalayan duplex has accommodated ~270 km of minimum shortening. We estimate a total minimum shortening from the Main Frontal thrust to the South Tibetan Detachment system of ~541-575 km. By adding shortening in the Tethyan Himalaya, we calculate a total minimum shortening between ~674 and 751 km in Kumaun.
(5) The revised stratigraphy-based balanced cross section increases the previously estimated shortening in the Greater, Lesser, and Subhimalayan rocks by ~120-200 km.
